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ABSTRACT 


X-ray  double  crystal  dif f ractometry  and 
reflection  topography  were  employed  to  examine  the 
deformation  response  of  single  crystals  and  A1  2024 
alloy  specimens.  A propensity  for  work  hardening 
in  the  surface  layers  compared  to  the  bulk  material 
was  demonstrated  for  both  tensile-deformed  and 
fatigue-cycled  metals.  The  cyclically  induced 
defect  distribution  with  depth  from  the  specimen 
surface  was  also  investigated  as  a function  of  the 
fraction  of  fatigue  life.  This  led  to  a capability 
for  predicting  the  fatigue  life  and  failure  by  a 
nondestructive  x-ray  diffraction  method. 


ADMINISTRATIVE  INFORMATION 

This  investigation  is  part  of  an  in-house  research  program  at  the 
David  W.  Taylor  Naval  Ship  Research  and  Development  Center.  It  was  con- 
ducted under  task  ZR0220I01,  work  unit  2802-004. 

INTRODUCTION 

The  ability  to  predict  the  failure  of  materials  subjected  to  repeated 
or  alternating  load  is  of  great  technological  importance,  both  for 
mechanical  and  structural  applications.  Because  x-ray  diffraction  methods 
are  nondestructive,  they  have  been  used  extensively  in  the  past  to  eluci- 
date structural  changes.  In  these  previous  investigations,  however,  the 
change  in  the  patterns,  such  as  asterism  or  line  broadening,  occurred 

either  at  the  very  early  stages  of  cycling,  remaining  invariant  there- 
1 2* ** 

after,  ’ or  were  restricted  to  that  period  which  follows  the  initiation 

3 4 

of  catastrophic  macroscopic  failure.  ’ Consequently,  the  attempts  to 
forecast  ultimate  failure  at  early  stages  of  the  life  were  unsuccessful. 

We  recently  applied  a special  x-ray  method  which  enabled  us  to  pre- 
dict the  fatigue  life  and  failure  of  A1  2024  with  considerable  relia- 

■k-k 

bility.  The  nondestructive  technique  combines  diffraction  analysis 
using  a double  crystal  dif fractomer , with  x-ray  reflection  (Berg-Barrett) 


*A  list  of  references  is  given  on  page  10. 

**A  list  of  symbols  and  abbreviations  is  given  on  page  v. 
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t tv'  piv'vtviv  .1  V Isual  l/.it  Iv'ii  v>l  t Ilf  siirtiU-f  vlflvv't  st  iiic  t iiif  . ’ 

Ki'r  pv'l  vi'fvst.i  1 1 tiu'  spfclmfiis,  thf  iiul  Iv  Idiui  I j;ratixs  -iif  ov'iis  Ivio  i f vl  tv' 

liiiiv'tlv'ii  Itulf  po luif  nt  ly  as  thf  secv'iul  crystal  v'l  <i  viv'uhlf  v-rystal  vl  i I t rav'tw- 

mftfr.  Rv'fklii>;  v.-iirvfs  tv>r  thf  rf  1 Ifv’t  lti>;  I’r.iliis  arf  v'htaliu-vl  hv  I rt  Ivlvit  Inn 

thf  spf  V Inif  n wltli  vrystal  nu'nv'vhrv'matfvl  ravl  lat  U'li,  aiul  hv  iffv'ivt  Iny,  t hf 

spv't  If  I Ifv't  Iv'us  v'li  a f VC  I luvlr  Iviil  tllm  aU'iin  thf  Ofhyf-Schf  rrv  r aics.  Bv 

tiK' ffiiif  nt  a 1 spoclnifii  totatlv'n,  Cv'iublnfvl  with  tllm  shltts  tv'  Sfparatf  thf 

spv't  cv'nt  r Ihnt  Iv'ns , arrays  v't  spv'ts  aif  v'htalnovl.  Thf  intcnsltv  vlcpfiulcncf 

v't  fav’h  spv't  arrav  rfptfSfiUs  thf  x-ray  iv'cklnn  cnrvf  Iv'r  thf  nf-'ln,  aiul 

nlvfs  a mfasvirf  v'l  Its  vl  Is  Iv'v'at  Iv'n  vlcnsltv.  Thf  wivith  v't  tlif  rv'cklnv;  cnrvf 

at  halt  thf  pfak  Intfiisltv  luaxlmiim  Is  vU'nv'tvvi  hv  thf  mfasntfvl  hallwUlth 

. . rtu  lialtwlvlth  v't  grains  tv'r  varU'us  Ihkn  ret  Ifct  ii'iis  can  hv  avvranfvi 

m ■ _ 

tv'  nlvf  a i v'l'rvsvnt  at  1 vf  lialtwlvlth  tv'f  tin*  nrain  pv'pii  hit  Iv'ii.  t'v'r  rvv- 1 v’vl 

tv'r  thf  lialtwlvlth  p v't  thf  vlrnln  si'v'c  Imvn , p is  v'htainvvl  hv  t hv  rvlatlvn 
, 1 J '' 

p “IP  * - P *)  . riif  fxcfss  vl  is  Iv'cat  iv'ii  vivnsitv  .'  Iv'r  t hv  spvc  imv'ii  Is 

m v'  _ ^ 

t hvn  v.i  1 vii  lat  Vvl  t i v'm  p accv'rvl  inn  tv'  t hv  rvlat  iv'ii 

. tn 

hMTU-F  DFKKl'TS  IN  SlNv'.l.F  IKYSTAIS  IMUT'F.n 
BY  MviNl>rONU'  nF.FOKMAl'lON 

vS-  1 I 

It  has  hvi'ii  fi'pv'rtvvl  prv'v  Iviis  1 v that  sinnlv  crvstals  aiul  v-v'mmvr- 

vial  allv'vs  shv'w  a prv'pvnsltv  tv'r  prvtvrvntial  wv'ik  harvlvninc,  v't  t hv  snr- 
tact‘  lavvi  , will'll  vlvtv'rmvvi  hv  nnl.ixial  tvnsiv'ii  v'l  !ativ;uv  vVv  linc..  It  was 
piv'pv'svvl  that  whvn  t tu'  wv'i  k harvlvnlnn  ri'avlu'vl  a ciitival  valuv,  whiv'h  wa'> 
l iiilvpv  iivlvnt  v't  St  ri’ss  amplitiivU',  v'vvllv-  histv'tv  aiul  vnv  I rv'iimi'iit  , tiavtuiv' 
was  inltlatfvl  it  t tu'  av'viimn  I at  iv'ii  v't  vxv'vss  vl  i s h'vat  ii'iis  pi  v'vliici'vl  h'v.il 
stifssvs  III  excess  v't  the  tr.ictiiti'  strvnnlh. 

Our  prevllctlv'ii  v't  t.itinne  t.iilniv  v'li  the  h.isis  vi  x-rav  rv'cklnp, 
curves  w.is  vlevelv'pevl  t rv'in  .i  svstvm.it  Ic  stiulv  v't  t hv  vxcvss  vl  Ish'c. it  iv'ii  vlis- 
trlhntlv'ii  t rv'm  the  siirt.u'v  tv'  hulk  v't  tvnsili'  vlvlv'tmvvi  sinc.lv  vivst.ils. 
ITirei'  niv'vlel  mvitvri.ils  were  v-lu'sen:  silicv'ii,  .i  U'w  st.ickine,  l.iult  enernv. 


hrlttle  niiiterl.il,  which  is  vluctllv  when  vlvlv'imevl  .it  vli'v.itvvl  t I'mpvi  .it  iii  v . 
.iiul  tv'r  which  the  vl  1 s Iv'c.it  Iv'tis  .ire  viitu.illv  immv'hilv  whvn  v'v'v'lvvl  tv' 


ambiolU  tomperaturi.' ; aluminum,  a hinli  stacking  fault  c'liorgy  material,  witli 
microstructure  typical  of  liuctile  fee  metals;  aiul  nold,  which  exliibits 
little  propensity  for  surface  oxide  layer  formation.  The  distribution  of 
excess  dislocations  in  deptii  was  determined  by  rocking  curve  measurements 
after  discrete  surface  layer  removals  by  chemical  dissolution  or  electro- 
polishing . 

As  shown  in  Figure  1,  a decreasing  gradient  of  excess  dislocation 

density  from  surface  to  bulk  was  obtained  for  all  three  species.  It  will 

be  noted  tiiat  tliere  was  a decline  by  factors  of  1.1  to  b.2,  from  a liigh 

surface  dislocation  densitv  to  a constant  value  at  about  150  pm  int(' 

the  interior.  Although  tested  to  only  3%  plastic  strain,  the  gold  revealed 

a similar  gradient.  This  result  indicates  that  oxide  film  formation  is  not 

a necessary  preret|uisile  for  the  decrease  of  excess  dislocations  from  t he 

surface  to  the  interior.  A relation  proposed  to  describe  the  dislocation 

12 

gradient  in  ground  alkali  halide  crystals  can  be  employed  in  this  study 
to  convert  the  obtained  curves  of  Figure  1 into  tlie  linear  form 


InUo  /p  ) - 1}  = InU^'  /^^.)  - 1}  - kx  tJ) 

XI  SI 

where  p_  is  the  excess  dislocation  density  at  the  depth  distance  x.  The 

4\ 

linear  conversion  yielded  a consistent  material-independent  slip  k of  .ibout 
2.85  for  all  three  materials. 


f 

t ‘ 
. 1 
I' 


LATTICE  DEFECTS  IN  FATIGUE-CYCLED  Al  SINGLE  CRYSTALS 
Aluminum  crystals  were  subjected  to  axial  tension-compressii'n  latigiu’. 
and  tlie  defect  structure  induced  in  tlie  high  cycle  range  ('1.03  MPa,  2 x 
10^  cycles)  was  studied  in  depth  by  rocking  curve  measurements.  As  stiown 
in  Figure  2,  a decreasing  gradient  from  tlie  surface  into  deptli,  tvpical  oi 
monotonic  deformation,  was  also  produced  by  the  cycling. 

The  depth  profile  exhibited,  however,  an  additional  salient  feature. 

A minimum  in  tlie  curve  was  obtained  at  a depth  distance  of  100  pm  from  the 
surface.  Further  in  depth,  the  halfwidth  value  increased  again  and 
attained  a plateau  level  at  about  250  pm  from  the  surface  and  extending 
into  the  bulk.  It  can  be  noted  that  the  liallwidth  values  measured  for  the 
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subsur  1 cK'e  layer  exteniliuH  from  30  to  130  ,-m  in  depth  were  lower  than 
tliat  of  the  virgin  crystal,  indicating  that  a cyclic  recovery  process 
occurred  in  this  region.  Furthermore,  it  may  be  seen  that  in  the  bulk,  no 
change  from  the  intrinsic  halfwidth  was  produced  by  the  low  amplitude 
cycl ing. 

DEPTH  DISTRIBUTION  OF  iJiTTICE  DEFECTS  IN 
FATIGUE-CYCLED  A1  ALLOY 

A1  2024  alloys  were  cycled  in  the  push-pull  mode  at  an  amplitude  of 
•200  MPa  corresponding  to  the  proportional  limit  in  static  tension.  The 
fatigue  behavior  of  the  specimens  is  given  in  Table  1.  As  shown  in  Figure 
3,  Part  A,  the  measured  rocking  curve  halfwidths,  and  thus  the  derived 
excess  dislocation  densities,  increased  throughout  the  specimen  with 
increased  cycling.  Analogous  to  the  deformation  characteristics  of 
monotonically  and  cyclically  deformed  single  crystals,  the  depth  profile 
analysis  of  Part  A in  the  figure  revealed  higher  excess  dislocation  densi- 
ties in  the  surface  layer.  After  0.15%  of  the  fatigue  life,  a decreasing 
gradient  to  a constant  bulk  level  was  obtained,  similar  to  that  observed 
for  simple  tension  (the  first  half  cycle  of  push-pull  fatigue).  For  5%  of 
the  fatigue  life,  an  increase  to  a bulk  plateau  level  was  again  evident,  as 
found  previously  tor  single  crystal  fatigue. 

TABLE  1 - FATIGUE  LIFE  OF  THE  2024  A1 
SPECIMENS;  R = -1 


Stress  (MPa) 

Cycles  to  Failure 

200 

21,100 

150 

191,000 

100 

6, 740,000 

5 


' 0 Ido  ido  350-4(55t)  i i6o  2t)0 'ido  400" 

distance  FROM  SWfACE.l  FRACTION  OF  LIFE  DISTANCE  FROM  SURFACE,! 
(/An)  N/N,  (*/•)  (/ak) 


Fij;ure  J - Composite  l)iaj;ram  for  A1  2024 
Specimens  Civen  Prior  Fatigue  to  75  and 
95%  t>f  Their  Life  at  '200  MPa,  Fol- 
lowed by  Surface  Removal  (Part  A) 
and  Recycling  (Part  B) , ainl 
Hither  Continued  Recycling 
A)r  X-ra\’  Analysis  in 
Depth  (Part  C) 


Figure  4 shows  data  obtained  by  analysis  of  the  surface  layer  alone, 
using  shallow-penetrating  copper  radiation,  after  cycling  to  various  frac- 
tions of  tile  fatigue  lile.  Tlie  results  are  plotted  for  specimens  with  two 
average  grain  sizes,  differing  by  about  25%  in  grain  diameter,  and  for 
tests  carried  out  at  two  ilifferent  stress  amplitudes.  The  cliange  in  excess 
dislocation  diuisity  during  tlie  life  could  be  described  by  a three-stage 
sequence  for  all  the  tests.  Rapid  increases  in  the  delect  concentration 
occurred  early  (Stage  1)  and  late  (Stage  111)  in  the  life.  A markedly 
decreased  slope  was  obtained  for  the  long  duration  of  tlie  second  stage, 
cviniprising  the  period  from  15  to  95%  of  the  fatigue  life.  All  the  data 
tell  within  the  experimental  error  band,  even  for  the  alternate  grain  size 
stock  if  a uniform  shift  factor  related  to  the  ratio  of  grain  diameters 
was  applied. 
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